Aims Apomictic species (with asexual seed production) make up for 20-50 % of all taxonomically recognized species in northern Europe, but the phylogenetic relationships of apomictic species and the mode of evolution and speciation remain largely unknown and their taxonomy is consequently disputed. † Methods In the present study, plastid psbD-trnT sequences (349 accessions) and 12 nuclear microsatellite loci (478 accessions) were used to create an overview of the molecular variation in (mainly) northern European members of the most species-rich of all plant genera, Hieracium s.s. The results are discussed and interpreted in the context of morphological and cytological data on the same species. † Key Results and Conclusions The complete psbD-trnT alignment was 1243 bp and 50 polymorphisms defined 40 haplotypes. All haplotypes found in the sections of the genus distributed in the northern European lowlands fell into one of two main groups, group H and group V, mutually separated by seven or eight polymorphisms. All accessions belonging to H. sects. Foliosa, Hieracioides (viz. H. umbellatum) and Tridentata and all but one accession of triploid species of H. sects. Oradea and Vulgata showed haplotypes of group V. Haplotypes of group H were found in all accessions of H. sects. Bifida and Hieracium and in all tetraploid representatives of H. sects. Oreadea and Vulgata. Additional haplotypes were found in accessions of the genus Pilosella and in southern European and Alpine sections of Hieracium. In contrast, the distribution of individual haplotypes in the two major groups appeared uncorrelated with morphology and current taxonomy, but polymorphisms within species were only rarely encountered. In total, 160 microsatellite alleles were identified. Levels of variation were generally high with only nine pairs of accessions being identical at all loci (in all cases representing accessions of the same species). In the neighbor-joining analysis based on the microsatellite data, accessions of the same species generally clustered together and some smaller groups of species congruent with morphology and/or current taxonomy were recovered but, except for H. sect. Oreadea, most larger groups were not correlated with morphology. Although the plastid DNA sequences show too little variation and the nuclear microsatellites are too variable to resolve relationships successfully among species or to fully understand processes of evolution, it is concluded that both species and sections as defined by morphology are largely congruent with the molecular data, that gene flow between the sections is rare or non-existent and that the tetraploid species may constitute the key to understanding evolution and speciation in this genus.
INTRODUCTION
Apomixis, i.e. reproduction by means of asexually derived seeds (sometimes referred to as agamospermy), may be considered both common and rare in plants. If a broad species concept is applied, i.e. not accepting apomictic clones as species, ,1 % of flowering plant species are known to be capable of apomixis (Asker and Jerling, 1992, Whitton et al., 2008) . However, in particular in the boreal and arctic zones, several of the most frequent, sometimes dominant, and morphologically most polymorphic genera partly or exclusively reproduce by apomixis (e.g. Rubus, Crataegus, Potentilla, Alchemilla, Ranunculus, Taraxacum, Hieracium s.l., Crepis, Limonium and many grasses). If all morphologically distinct clones in such genera are accepted as species, as generally agreed by northern European taxonomists, apomictic species may make up 50 % of all species in a country like Sweden (cf. Karlsson, 1998) and they certainly comprise a significant proportion of all discrete plant individuals in boreal and arctic habitats. The apomictic species of Hieracium alone make up for about 15 % of all vascular plant species native to Britain and Ireland (Sell and Murrell, 2006) and similar proportions may be obtained for other northern European countries. In addition, apomixis is doubtlessly widespread in plants; Carman (1997) listed .330 genera from a wide range of families including apomictic species.
Loss of sexual reproduction has sometimes been considered by theoreticians as giving rise to evolutionary dead ends (e.g. Stebbins, 1950) , a notion that for decades significantly reduced the interest in apomixis and asexual reproduction among evolutionary biologists. However, as outlined above, apomictic plants appear in no way to be subordinate or marginal in nature. In addition, as reviewed by Hörandl and Paun (2007) , recent molecular studies have shown that theoreticians have greatly underestimated levels of genetic variation in apomictic organisms. However, despite the phenomenon of apomixis being documented as early as 1841 (Smith, 1841) and thoroughly investigated in 1898 (Juel, 1898; Nogler, 2007) , our understanding of how evolution proceeds and how new clones/taxa are formed in predominantly or exclusively apomictic groups of plants remains rather limited. Surprisingly, apomictic taxa are rarely considered when processes of speciation are discussed.
In principle, among apomictic plants the evolution of new, morphologically distinct and taxonomically recognizable units may take place in four ways, each giving rise to its own pattern and structure of variation.
(1) Extant apomicts may have evolved from hybrids between sexual taxa. Almost all apomicts are polyploids (Mogie et al., 2007) and allopolyploidization is generally recognized as a major mechanism for polypoloid evolution. However, many apomictic species complexes appear to have no extant sexual close relatives or have much wider geographic distributions than their closest sexual relatives (Hörandl, 2006) . In many cases apomictic taxa are narrow endemics restricted to relatively recently deglaciated areas (Johansson, 1923; Samuelsson, 1954; Tyler, 2000) . Thus, if they evolved from sexual hybrids, many apomictic lines have to be of a considerable age and/or must somehow have ended up in a geographic range far distant from where they first evolved. (2) New apomictic taxa may evolve by accumulation of mutations, each with a small effect on the phenotype. With time, accumulation of mutations is inevitable, at least in selectively neutral genes, but if this is the dominant process one would expect all kinds of intermediates to occur, making the taxonomic recognition of morphologically discrete units impossible (Tyler, 2006) . At the molecular level, a strictly hierarchical pattern of variation ideal for cladistic analysis would be expected, provided that the rate of evolution/mutation of the molecules concerned is optimal for the age of the taxa under study. (3) New, morphologically readily distinguishable units may evolve by single mutations at genes that have strong pleiotrophic effects on the phenotype (Riska, 1989; Tyler, 2006 ). Morphologically distinct units may then be closely related, almost identical at the molecular level, and may have arisen repeatedly by homoplasious mutations. In addition, if the same mutations are responsible for concerted changes in several phenotypic characters, strong correlations among the latter would be expected (Tyler, 2006) . (4) Residual sexuality may allow for occasional sexual reproduction and hybridization also among predominantly apomictic clones, thereby giving rise to novel genetic combinations and phenotypes. As shown by Bengtsson (2003) , even rare sexual events may have great impact on the outcome of evolutionary processes. This is obviously the case in some apomictic complexes (e.g. Krahulcova et al., 2000) , but in others sexuality has never been documented and stable triploidy or aneuploidy and/or retardation of reproductive organs, in combination with peculiar embryological processes, indicate that sexual reproduction is highly unlikely (Hörandl and Paun, 2007) .
The genus Hieracium (here treated in a narrow sense excluding, for example, Pilosella) comprises perennial herbs widespread in arctic and temperate regions of Europe, Asia and North America, and some members behave as invasive weeds after introduction to, for example, New Zealand. Species of Hieracium occur in forests, semi-natural grasslands and rocky and alpine habitats. Some species efficiently colonize roadsides and embankments, but in the native range of the genus its main diversity is found in natural forests or alpine habitats and in traditionally managed semi-natural grasslands (Tyler and Bertilsson, 2009 ). The species reproduce exclusively by seeds with a conspicuous pappus, suggesting efficient wind dispersal, but, at least in sheltered forested habitats, their dispersal capacity is probably rather limited (Tyler, 2000) . The genus comprises approx. 20 diploid species ) with obligately sexual reproduction, and thousands of polyploids which as far as is known are obligately apomictic (Mráz, 2003) . With the exception of the widespread H. umbellatum, the former are all more or less confined to unglaciated refugia along the southern edge of the present-day range of the genus. Thus, in northern Europe including Scandinavia, apomictic triploids, tetraploids and a few pentaploids (Tyler and Jönsson, 2009; Thomas et al., 2011) prevail and most of these species are more or less narrow endemics confined to relatively recently deglaciated regions (Johansson, 1923; Tyler, 2000) . Notably, with the exception of section Alpina, no diploid sexual taxa are known in any of the sections of the genus that dominate in northern Europe (i.e. H. sects. Bifida, Foliosa, Hieracium, Oreadea, Subalpina, Tridentata, Vulgata). Apomictic seed production is via the parthenogenetic development of the unreduced egg cell (diplospory of the 'Antennaria-type'), generally considered to provide very limited possibilities for sexuality. The male function varies among apomicts: many clones produce no pollen at all (Johansson, 1923) but some produce 5-50 % viable pollen grains, and there appears to be no close relationship between pollen production and ploidy (triploid vs. tetraploid) or environmental conditions (Slade and Rich, 2007; Thomas et al., 2011) . Recently, some diploid members of the genus have been shown to be able to hybridize giving rise to polyploid offspring (Mráz et al., 2005 (Mráz et al., , 2011 , but the few natural hybrids found were completely seed-sterile (Mráz et al., 2005) . However, in a later experiment, artificial diploid hybrids with some, though reduced, fertility were produced (Mráz and Paule, 2006) . A strong mentor effect has been shown to induce autogamy in the diploids in the presence of any foreign pollen (Mráz, 2003) , further reducing the likelihood of sexual hybridization. The taxonomy of European Hieracium is much confused with two co-existing 'schools' circumscribing species differently (Schuhwerk, 2002) . According to the 'Scandinavian system' followed by most British, Scandinavian and Russian taxonomists, all constantly morphologically recognizable biotypes are recognized at the rank of species and believed to be apomictic clones of unique but generally unknown origin (Johansson, 1927; Sell, 1987; Tyler, 2006) . More than 2000 such species have been described from Scandinavia. In this system, the European species are referred to 38 sections of the genus (Stace, 1998) , some of which comprise .1000 species. However, since these sections are rarely regarded as anything but units of sorting and communication, their circumscription and delimitation have not attracted much interest (Tyler, 2006) and their evolutionary coherence is questionable. In contrast, in the 'C European system' established by Zahn (1921 -23) and followed by most taxonomists working in central and southern Europe, the taxa recognized as species in the Scandinavian system are treated at subspecific or lower rank and their circumscription and identification is given less attention. These infraspecific taxa are part of a complex formal hierarchy including two kinds of species: (1) 'basic species' having a unique set of characters and believed to be ancestral and of non-hybrid origin, and (2) 'intermediate species' that combine characters from two or more basic species and which are believed to have a hybrid origin. However, recent molecular studies have demonstrated that both types of species commonly have a hybrid origin . In an attempt to somewhat reconcile the two systems, Tyler (2006) advocated the use of informal 'species aggregates' based on thorough multivariate morphometric analysis to sort the species recognized in the Scandinavian system into units comparable with the species of the C European system. On occasions the same specific names are used in both systems but with highly different meanings and in North America and in areas where Hieracium occurs as invasive aliens only, names and concepts from both systems are often misunderstood and mixed up, making comparisons between regions haphazard, and effectively hampering any biogeographic analysis. As a consequence, results from genetic, evolutionary or phylogenetic studies founded on taxonomic information or concepts need to be interpreted with great care and in the light of the taxonomic tradition in which the authors are working. In the present paper, the term 'species' will from here be used exclusively in the Scandinavian tradition to denote the smallest morphologically recognizable groups of biotypes or clones.
The first molecular phylogenetic analyses of Hieracium s.l. were published by Gaskin and Wilson (2007) and by Fehrer et al. (2007) based on plastid and plastid and nuclear ITS sequences, respectively. Both these studies included only a few taxa of Hieracium s.s. and provided limited resolution and low levels of variation among taxa. Chrtek et al. (2009) analysed more taxa and, using the more variable nuclear ETS region instead, were able to reveal a basal split of the genus into a 'Western' and an 'Eastern' clade, further supported by differences in genome size. This result was further elaborated by Fehrer et al. (2009) by sequencing individual copies of the nuclear EPS gene and additional plastid sequences. They were thereby able to document intra-individual polymorphisms in the majority of taxa, previously believed to be 'basic' or ancestral, indicative of an (ancient) hybrid origin. The basal split between the 'Western' and 'Eastern' clades was clearly supported by plastid trnT-trnL sequences and by nuclear EPS sequences when hybrid taxa were disregarded. Most notably, however, they found that the majority of the taxa analysed showed traces of hybridization, and representatives of several of the sections of the genus that dominate in northern Europe appeared to have a history involving hybridization between representatives of the two major clades. Most recently, these results have also found partial support in analysis of floral scent components (Feulner et al., 2011) . Still, however, these phylogenetic analyses were based on a small number of representative taxa considered as 'basic' in the C European taxonomic system. The results can only with difficulty be compared with the sectional taxonomy of the Scandinavian taxonomic system and provide little information about the phylogenetic relationships of, and the evolutionary processes acting on, the individual apomictic species.
At the level of individual species, Tyler (2006) discussed the morphological homogeneity and the distribution of morphological characters among southern Scandinavian members of sects. Hieracium (≈H. murorum s.l. in the C European system), Vulgata (≈H. lachenalii s.l.), Bifida (≈ H. bifidum s.l. and H. caesium s.l.), Tridentata (H. laevigatum s.l.) and their intermediates, and concluded that these sections are fairly well defined morphologically, albeit not separated by any discontinuities. Many characters were found to be correlated, but no fixed patterns indicative of pleiotrophic effects could be revealed. Based on multivariate analysis of morphological characters, he further divided the species treated into 38 informal species aggregates, a system further elaborated in subsequent publications (e.g. Tyler, 2010) but not yet extended to all Swedish species of these sections or to species from the rest of Europe. A similar analysis restricted to Swedish and Finnish representatives of H. sect. Oreadea was provided by Tyler (2011) . Tyler and Jönsson (2009) investigated the ploidy of multiple accessions of .200 species and found the species to be homogeneous with respect to ploidy, a conclusion also drawn by Stace et al. (1997) and Thomas et al. (2011) based on more restricted material. Tyler and Jönsson (2009) further revealed that the morphologically most typical members of the sections were almost exclusively triploid, whereas tetraploids dominated among morphologically intermediate species, and they hypothesized that the tetraploids may have originated through recent (in situ) hybridization between the triploids (although the mechanisms for such a process remain to be elucidated). In contrast, Fehrer et al. (2009) concluded that, although there is ample evidence for ancient hybridization in the genus, in particular between lines that have come into secondary contact after periods of isolation in refugia during the glaciations, there are no indications of recently ongoing hybridization among the extant species. Thus, there is no consensus, or even any well-founded theories, as to how the numerous apomictic Hieracium species now found as narrow endemics in glaciated areas, both geographically and phylogenetically far away from their closest sexual relatives, may have come into being. Shi et al. (1996) , Stace et al. (1997) and Mráz et al. (2001) used allozymes and Š torchova et al. (2002) used RAPD markers to study the structure of variation in apomictic members of H. sect. Alpina. All these studies showed that some morphologically defined species consist of single genotypes, whereas others are somewhat variable. However, no similar studies of the other sections of the genus have been undertaken, and both the number of species included and the variability of the marker systems applied were insufficient to draw any general conclusions about evolutionary patterns or the genetic distinctness of taxa. Similarly, Rich et al. (2008) used AFLP markers to study genetic variation, mainly within a single apomictic Hieracium species, and concluded that the species was distinct at the molecular level, although every individual showed a unique molecular pattern with this hypervariable set of markers. One study with molecular markers indicates extensive intra-specific variability and that a taxon of Hieracium introduced to New Zealand ('H. lepidulum', apparently a name applied collectively to several species of H. sect. Vulgata there) has acquired sexual reproduction as part of the process of becoming invasive (Chapman et al., 2004) , but this conclusion is questionable since the taxonomic identity and the origin of the material studied remains obscure and no comparison was made with patterns of morphological variation. However, Rich et al. (2008) reported 1 . 5 % polymorphic loci among the seed-progeny from a single apomictic plant using hypervariable AFLP markers, a pattern that may indicate frequent somatic recombination or elevated mutation rates in this apomictic line.
The aim of the present study was to obtain an overview of the distribution and pattern of variation in both maternally inherited and biparentally inherited markers among the northern European members of the genus Hieracium and to compare patterns of molecular variation with morphological variation and morphology-based taxonomic classifications. Such an overview will be essential in understanding the applicability of these markers and enabling the formulation of stringent questions for future research. It should also provide clues to the main processes of diversification and evolution, and indicate the validity of the current taxonomy. To fulfil these aims, we decided to study a broad sample of taxa occurring in the northern European lowlands, supplemented with some alpine and more southern representatives, utilizing the nuclear microsatellites developed by Jönsson et al. (2010) as biparentally inherited markers, and sequencing the most variable part of the maternally inherited (Mráz et al., 2005) plastid genome that could be identified. Since this is the first study of molecular markers at this taxonomic level in this species-rich group, and the primary aim was to create an overview of the variation, more effort was put into achieving a large and representative sample than into obtaining complete data for each individual sampled.
MATERIALS AND METHODS

Plant material
The plant material for this study was selected from the approx. 800 unique accessions kept in the experimental garden of Lund University by the first author. All accessions are of known European origin, mainly from Scandinavia (collection data available on request). Although all sections of the genus present in northern Europe are represented, the vast majority of the accessions belong to the dominant sections in the Scandinavian lowlands [i.e. sections Bifida, Hieracium, Oradea, Vulgata and Tridentata; sectional taxonomy according to Stace (1998) and Tyler (2006) ]. Except for H. sect. Oreadea, these sections are all widely distributed in the Scandinavian lowlands and the material analysed includes representatives of all sections from almost all non-alpine Swedish provinces and some accessions from Denmark. For almost all of the accessions, the ploidy was known from a previous study with flow cytometry (Tyler and Jönsson, 2009) , and all samples, except for those of the diploid sexual H. umbellatum, represent polyploids (tri-, tetra-and pentaploids) believed to have an exclusively apomictic mode of reproduction (Mráz, 2003) . About half of the species sampled were represented by more than one (usually two to five, but in one case up to 16) accessions. As far as possible, accessions from different parts of the distribution range of the mostwidespread species were included. An accession of the closely related genus Pilosella (P. floribunda × officinarum) (Fehrer et al., 2007) was included as outgroup/reference. The species-level taxonomy and nomenclature follow the most recent treatments of these taxa (e.g. Tyler, 2006 Tyler, , 2010 Tyler, , 2011 . Vouchers have been deposited in herbarium LD.
Plastid DNA sequence variation DNA was extracted as described by Jönsson et al. (2010) , using a protocol modified from Š torchova et al. (2002) and Doyle (1990) . To find the most suitable and variable region, ten accessions, including representatives from sections Bifida, Hieracioides, Hieracium, Oreadea, Tridentata and Vulgata were initially screened for variation at the following sequences: matK-psbA, psbA-trnH and partial matK [ primers and protocols according to Kress et al. (2005) and Ford et al. (2009) ], petL-psbE, psbJ-petA, trnV-ndhC, psbD-trnT, atpI-atpH, trnQ-rps16, rps16-trnK, ndhF-rpl32, rpl32-trnL [ primers and protocols according to Shaw et al. (2007) ], trnH-trnK and atpB-rbcL [ primers and protocols according to Chiang et al. (1998) ]. Based on the results of this initial screening, the psbD-trnT spacer was identified as the most variable and consistently amplifying region. For subsequent analysis, psbD-trnT from 345 accessions representing 190 named species was successfully amplified using primers and PCR protocol adopted from Shaw et al. (2007) . The PCR products were sequenced in either direction by Sanger sequencing using the BigDye Terminator v1 . 1 Cycle Sequencing Kit (Applied Biosystems) on an ABI PRISM 3130 xl GENETIC ANALYZER (Applied Biosystems/Hitachi). The sequences were edited manually using the BioEdit software, and all ambiguous sites were discarded. The edited sequences were manually aligned and substitutions and indels were coded as single sites/events. A haplotype network was constructed, based on all unambiguously polymorphic sites. To visualize the correlation between the major haplotype groups and the morphological variation within the four best represented sections of the genus, the former were plotted on a PCA scatterplot based on 46 independent morphological characters [the same plot as used by Tyler and Jönsson (2009) , modified and supplemented from Tyler (2006) ].
Microsatellite analysis
Variation at the ten microsatellite loci developed by Jönsson et al. (2010) was screened in 530 accessions. The PCR products were run on an ALF express II (Amersham Pharmacia Biotech) and the digital representation of the gels was interpreted manually using the ALFwin Fragment Analyzer 1 . 00. About 25 % of the samples were run twice to check for consistency of results and/or to overcome problems with the amplification or concentrations. Accessions that did not amplify or which produced uninterpretable results for three or more of the loci were disregarded in subsequent analyses, leaving us with data from 478 accessions. The level of variation revealed and the ease by which the banding patterns could be interpreted differed among the loci (Table 1) . Primer pairs 6 and 7 each amplified two sets of fragments that consistently differed in both length and strength. These were treated as belonging to two different loci, henceforth denoted 'a' and 'b'. Based on the banding patterns revealed and the ploidy of the accessions, the number of doses of each allele at microsatellite loci 1, 4, 5, 6a, 7a, 8 and 10 was readily inferable in most accessions, but some accessions showed patterns indicative of duplications and/or multiple loci. At loci 2, 3, 6b, 7b and 9, the majority of the accessions showed banding patterns that could not be interpreted in terms of alleles at a single locus. At locus 9, problems with interpretation was associated with members of H. sect. Bifida, whereas all accessions from sections Hieracium, Vulgata and Tridentata were readily interpretable; at locus 3 a very amplifying fragment that was present in almost all accessions interfered with the less strongly amplifying and polymorphic fragments, making their relative doses impossible to infer. Loci 2, 6b and 7b were hypervariable and commonly and consistently (as revealed by multiple analyses of the same accessions) showed more fragments in a single accession than expected from its ploidy.
Due to these problems and problems associated with comparing results among samples with different ploidies, four different data matrices were constructed. Matrix 1a was a simple presence/absence matrix utilizing information from all 12 loci. Matrix 1b was the same as matrix 1a excluding the hypervariable loci 2, 6b, 7b and 9. For matrix 2, in an attempt to give strongly amplifying fragments at the less-variable loci more weight without necessarily interpreting the actual dosage effects, the presence of a single fragment was assigned the value of 2 at loci 1, 3, 4, 5, 6a, 7, 8 and 10, a strongly amplifying fragment supplemented with one or more much weaker allele(s) the value 1 . 5 and weakly amplifying alleles the value 1, whereas at the hypervariable loci 2, 6b, 7b and 9 all fragments were assigned the value 0 . 25. In matrix 3 the number of copies of each allele at loci 1, 4, 5, 6a, 7, 8 and 10 was inferred (based on strength of amplification and the known ploidy) and the numbers were standardized such that the sum of all alleles at each locus became 1, the alleles detected at locus 3 were all assigned the same value such that their sum was 1, whereas at the hypervariable loci 2, 6b, 7b and 9 all fragments were assigned the value 0 . 1. All three data matrices were subjected to neighbor-joining (NJ) analysis based on the Euclidean distances between accessions. In addition, matrices 1a and 1b were analysed using the Sörensen/Dice similarity coefficient (giving more weight to joint occurrences than absences). These analyses were performed on the complete set of data, on subsets consisting of species referred to each of the four best-represented sections of the genus and on subsets representing the two main groups of taxa indicated by the result of the plastid haplotype sequence analysis (see below). All NJ trees were rooted using the Pilosella sample as the outgroup. To get an indication of the robustness of the clusters obtained by NJ, boostrapping with 1000 replicates was performed. In a further attempt to visualize the pattern of variation, matrix 1a was subjected to principal component analysis (PCA). All statistical calculations were performed in the program PAST ver. 2 . 13 (Hammer et al., 2001 ).
RESULTS
Plastid DNA sequence variation
The complete psbD-trnT alignment (disregarding ambiguities) was 1243 bp. Fifty unambiguous polymorphisms were revealed (33 substitutions and 17 insertions/deletions), defining a total of 40 unique haplotypes in the 349 analysed accessions (Table 2 ). All haplotypes found in the accessions belonging to the sections distributed in the northern European lowlands fell into one of two main groups, henceforth denoted group H and group V, separated by seven or eight polymorphisms ( Fig. 1 and Table 3 ). Additional distinct haplotypes were found in single accessions of Pilosella and in southern European and alpine Hieracium sects. Alpina, Barbata, Mixta and Dremanoidea. Since only partial sequences were available for many accessions not all accessions could be referred to a particular haplotype, but the wide distribution of the seven or eight polymorphisms differing between groups H and V allowed for the identification of all sequences to this level.
Group V comprised one common haplotype (V1, found in 43 accessions) and seven rare haplotypes found in one to three accessions and separated by one to three polymorphisms. Among accessions with a northern European origin, all accessions belonging to H. sects. Foliosa, Hieracioides (H. umbellatum) and Tridentata and all but one accession of triploid species currently referred to H. sects. Oradea and Vulgata, showed haplotypes belonging to this group. The In the diversity column, 'Low' indicates that a single allele/fragment was completely dominating (.90 %) in the accessions and 'High' that five or more alleles/fragments were found in more or less even frequencies. In the dosage column, ' + ' indicates that it was possible to interpret the banding patterns obtained in terms of numbers of alleles at a single genetic locus.
* In some sections of the genus (see text). † The Pilosella accession showed additional fragments of size 164-210 bp. Group H comprised four relatively common haplotypes and 23 relatively rare ones. The most distant haplotypes in this group were separated by seven polymorphisms, but most transitional haplotypes were found, and the most common haplotypes differed by only one or two polymorphisms (Fig. 1) . All northern European accessions belonging to H. sects. Bifida and Hieracium (both triploids and tetraploids) showed haplotypes belonging to this group, as well as all tetraploid representatives of H. sects. Oreadea and Vulgata (in most cases morphologically intermediate between these sections and H. sect. Hieracium, cf. Tyler and Jönsson, 2009) . Hieracium crinellum, a triploid Scandinavian species variously referred to H. sects. Oreadea or Stelligera (cf. Tyler, 2011) , also exhibited a haplotype of this group (the unique haplotype H10:5). In addition, single accessions of the more southernly distributed H. sects. Amplexicaulina, Thapsoidea and Villosa contained haplotypes of group H.
The various deviating haplotypes found in the single representative of Pilosella, in three accessions of the arctic -alpine H. sect. Alpina and in the southern and central European H. sects. Barbata, Dremanoidea and Mixta are all connected to the path uniting haplotypes of groups H and V, but they all have their own (one to three) synapomorphies. Thus, no sequences truly transitional between the two major groups were found (Fig. 1) .
Microsatellite analysis
The number of different fragments amplified at each of the microsatellite loci varied between the four (one of which completely dominating) found at locus 5 to the 42 identified at locus 7b (Table 1 ). In total, 160 fragments were identified in the 478 accessions that were successfully analysed. Levels of variation were generally high with only nine pairs of accessions being identical at all loci (in all cases representing accessions of the same species) and many pairs of samples had only a few common fragments in common. NJ analysis based on the different data matrices all showed essentially the same kind of pattern. Accessions of the same species generally cluster together (with some exceptions) and, in some of the combinations of data matrix and distance measure, some smaller groups of species congruent with morphology and/or current taxonomy were revealed, but most or all larger groupings appear largely random. This impression is further strengthened by the bootstrap analysis giving weak or no support for most or all basal branches in the topologies (not shown). The best fit between the results of the NJ analysis and morphology/ taxonomy was obtained by the analysis of data matrix 1a ( presence/absence data utilizing information from all 12 loci) with the Sörensen/Dice similarity coefficient; this is the only analysis that will be discussed further. In the complete Tyler (2006) , with the addition of the morphologically somewhat similar H. constringens and H. expallidiforme] and the H. stenolepis aggregate (H. coadunatum, H. plumbeum and H. stenolepis) also form separate clusters, but most larger clusters appear to be uncorrelated with both taxonomy/morphology or to the groupings revealed by the analysis of plastid haplotypes. When the same analysis was conducted separately for accessions harbouring plastid haplotypes of groups H and V, respectively, largely the same pattern appeared (not shown). Except for H. sect. Oreadea, there is hardly any correlation between these dendrograms and current sectional taxonomy. Further, accessions belonging to morphologically distant members of sections from southern Europe appear interspersed among the accessions of the dominant sections in the northern European lowlands.
If the morphologically/taxonomically most distant accessions are omitted and the analysis is performed separately for each of the well-represented sections Bifida, Hieracium, Oreadea and Vulgata + Tridentata (Figs 2 -5 ) some more logical groupings show up (to be discussed in more detail below), but the general pattern remains that accessions of the same species cluster together, whereas most larger clusters appear to be formed more or less randomly, and in general only the smallest clusters receive reasonable bootstrap support (not shown).
In the PCA analysis based on matrix 1, including only accessions of H. sects. Bifida, Hieracium, Oreadea, Tridentata and Vulgata, only approx. 25 % of the variation in the original data was explained by the first two axes, and these axes heavily rely on the presence/absence of only few (approximately five each) of the 160 fragments in the original data as revealed by the character loadings. In the resulting scatterplot (not shown), sections Hieracium and Vulgata are fairly well separated along the first axis but members of the other sections appear interspersed and the second axis appears unrelated to other existing data. Apparently, presence/absence of individual markers is largely uncorrelated, making it impossible to reduce the variation to a few components as attempted by the PCA analysis.
DISCUSSION
The integrity and potential of the species One of the structural controversies in Hieracium taxonomy is whether or not it is at all possible to identify the basic apomictic clones/taxa based on morphology, and the other way round, whether or not the species identified this way constitute the real monotopic apomictic clones. Previous studies using various molecular markers and focusing on individual species have revealed significant variation within most morphologically defined species (Shi et al., 1996; Stace et al., 1997; Mráz et al., 2001 Mráz et al., , Š torchova et al., 2002 Rich et al., 2008) , but studies have been restricted to the alpine sections of the genus and the sampling has not been suitable for investigating to what extent that variation overlaps with that of other species and whether or not species are monotopic. However, (cf. Bengtsson, 2003) and asexual recombination and various processes that may speed up the mutation rate may be hypothesized (cf. Rich et al., 2008) . The adaptive value of such processes in systems incapable of generating variation by means of sexual recombination may be imagined, but without readily comparable data from the same loci in asexually reproduced cell-lines of 'normal' sexual species it is difficult to tell whether or not any such processes are operational in Hieracium. Nevertheless, the assumption that apomictic species, even if narrowly defined, are devoid of genetic variation, and therefore incapable of adapting and evolving, obviously does not hold, and should be dismissed.
Patterns of variation among sections, inter-sectional gene flow and sectional taxonomy
If only triploid species are considered, the basic division of the plastid haplotypes into two well-separated groups (Fig. 1) corresponds almost perfectly with the current sectional taxonomy. All typical triploid representatives of H. sects. Vulgata and Oreadea, and all representatives (irrespective of ploidy) of H. sect. Tridentata and the diploid H. umbellatum, share haplotypes of group V, whereas all representatives of H. sects. Bifida and Hieracium are characterized by haplotypes of group H. In addition, the two representatives of H. sect. Alpina also share the same, but well-differentiated, haplotype. A basic division of the plastid haplotypes found in species of Hieracium into two major groups was previously revealed by Chrtek et al. (2009) and Fehrer et al. (2009) based on different marker sequences. Even if the results are difficult to compare due to taxonomic incongruencies and only marginally overlapping taxon sampling, their 'Western' and 'Eastern' clades may correspond to the haplotype groups H and V, respectively, revealed in the present study. Included in their 'Western' clade are the taxa H. bifidum and H. murorum, roughly corresponding to H. sects. Bifida and Hieracium in the taxonomy adopted here, and H. schmidtii and H. stelligerum which plausibly correspond to the tetrapoid members of H. sect. Oreadea here represented by H. eulasium, and to H. crinellum, respectively, which in the present study were all found to have haplotypes of group H. Similarly, H. laevigatum, roughly corresponding to H. sect. Tridentata, and H. umbellatum, which are characterized by haplotypes of group V as revealed by the present study, belong to the 'Eastern' clade of Fehrer et al. (2009) . However, H. lachenalii, roughly corresponding to H. sect. Vulgata is found in the 'Western' clade of Fehrer et al. (2009) , but was interpreted as an 'interclade hybrid' by Chrtek et al. (2009) , and is dominated by haplotypes of group V as revealed by the present study. The present result that tetraploid species, as opposed to the triploid ones, currently referred to H. sect. Vulgata, contain haplotypes of group H provides an easy explanation for the discrepancy between these studies. However, notwithstanding this congruence with previous studies based on a few representative species, the present result that the haplotype group, almost without exception, corresponds to the current sectional classification is both new, promising and surprising given the complexity revealed by most other morphological and molecular markers applied so far.
The obvious correlation between the two major haplotype groups and the morphology and sectional classification of members of H. sects. Hieracium, Bifida, Vulgata and Tridentata is also apparent when plotted onto a PCA scatterplot based on morphology (Fig. 6) . Based on these data, it is tempting to suggest a taxonomic recircumscription of H. sect. Vulgata, such that all tetraploid members are excluded and transferred to H. sect. Hieracium or H. sect. Bifida. As previously discussed by Tyler and Jönsson (2009) , most or all of these tetraploid species show some morphological affinities with members of either H. sect. Hieracium or H. sect. Bifida (cf. also Fig. 6 ), making a sectional transfer possible to justify from the morphological point as well. Members of the widespread H. diaphanoides and H. ornatum species aggregates are tetraploid and show a close resemblance to members of H. sect. Hieracium with respect to, for example, indumentum characters, and they all share haplotypes with the latter section. However, as discussed by Tyler (2006) , at least most of these morphologically intermediate species have the ecology and habitat requirements typical of H. sect. Vulgata. Further, the fact that the present haplotype data allows for no discrimination whatsoever among the sections characterized by each of the two haplotype groups, and the lack of support for the sections from the nuclear markers to be discussed below, indicate that taxonomic rearrangements based on the single plastid 'character' may be better avoided. However, the sectional placement of these species ought to be analysed with particular care in future studies based on different sets of markers. The pattern revealed by the nuclear microsatellite markers is far less easy to interpret. With the possible exception of H. sect. Oreadea, discussed separately below, none of the analyses attempted here revealed any obvious correlation between the current sectional taxonomy and the patterns of nuclear molecular variation (Figs 2 -4) . As is also evident from the underlying raw data, most alleles are shared among species from different sections. Not even when the most variable loci were disregarded (matrix 1b) could any resolution at the sectional level or differentiation between the major groups revealed by the plastid haplotypes be obtained (not shown). Whether this homoplasy is the result of an inherently high rate of synonymous mutation at these loci or of gene flow among species and sections, or both, is difficult to tell from these data alone, but the overall high level of variation and the fact that polymorphisms in most cases were also revealed within species speaks in favour of the former explanation. However, the result that not even accessions representing morphologically strongly deviating sections from geographically remote areas of southern Europe cluster separately from the northern European sections is unexpected.
In contrast to the congruence observed between the two main haplotype groups and the morphology-based current sectional classification of the northern European taxa, the distribution of individual haplotypes within the two major haplotype groups appears largely random. All of the more common individual haplotypes were found to be shared by species referred to different sections and to species aggregates with no apparent morphological connections, and some were even shared with morphologically strongly deviating members of southern European sections (Table 3) . Given the low number of polymorphic sites separating individual haplotypes within the major haplotype groups, this may not come as a surprise. Based on these data it is thus not possible to tell whether this pattern is the result of homoplasy/recurrent synonymous mutations or of random reticulate evolution/sexual transfer of plastids between distantly related lineages with contrasting morphologies. However, since the two main haplotype groups show such close a correlation with morphology and current sectional taxonomy, sexual transfer of plastids may, at most, have taken place between species of the same section. Given the apparent close relationship of the sections concerned here and the absence of clear morphological or phenological discontinuities between them (Tyler, 2006) it becomes difficult to believe that sexual geneflow, if occurring at all, should be restricted to species of the same section. We are therefore inclined to believe that transfer of plastids between morphologically well-differentiated species is rare or non-existent, and flow of plastids between, for example, H. sects. Hieracium and Bifida on the one hand and H. sects. Tridentata and Oreadea on the other has clearly never occurred. However, it should be noted that this line of reasoning only applies if it is assumed that plastids may be transferred independently of the morphological characters used to delimit the sections. If the progeny of sexual crosses in all cases inherit not only the plastids but also most taxonomically important characters from the maternal parent, then the resultant hybrid species will be classified taxonomically as a member of the same section as the maternal parent and the inter-sectional hybrid origin will remain undetected.
This in spite of the fact that H. constringens was found to be the only tetraploid member of H. sect. Vulgata that shared its haplotype with the triploid members of this section. The main group of tetraploid species taking an intermediate position between H. sects. Vulgata and Hieracium and sharing plastid haplotypes with the latter section, as discussed above (H. diaphanoides/ acidodontum/ornatum aggregate), is also relatively well recovered, and a large cluster is formed by species with affinities to the morphologically connected H. anfractum aggregate and H. atronitens aggregate (e.g. H. anfractum, H. punctillaticeps, H. almquistianum, H. punctatum, H. barbareifolium). In H. section Hieracium (Fig. 4) there appear to be fewer clusters that corroborate morphological affinities, but it has previously also been acknowledged that the pattern of morphological variation in this section is less well structured or understood (Tyler, 2006) .
All three sections discussed here have representatives distributed throughout the Scandinavian lowlands but no geographic patterns, except those constrained by the geographic distribution of individual species accessions which cluster tightly together, are reflected in the NJ dendrograms based on the microsatellite data. As an example, the subcluster comprising members of the H. plicatum/constringens aggregate discussed above includes accessions from throughout Sweden, e.g. material of the widespread H. plicatum from the southern Swedish province of Småland and the north-eastern-most Swedish province of Norrbotten. Except for a basal cluster made up of species morphologically similar to H. torticeps, not even representatives of the 'park-Hieracia', i.e. species of H. sect. Hieracium introduced to northern Europe from central Europe as admixture to grass seed in the late 19th century, cluster together but rather appear interspersed with native Scandinavian species in the NJ dendrogram (Fig. 4) .
To conclude, even if the present data from nuclear microsatellite markers does not allow for any firm conclusions and may definitely not be taken as the basis for taxonomic rearrangements, it does corroborate some patterns previously observed based on careful analysis of a multitude of morphological characters. This observation, in combination with the fact that accessions of the same species, in the majority of cases, cluster tightly together, clearly shows that morphology and molecular data are correlated in Hieracium. As a consequence, future studies aimed at resolving the phylogenetic relationships and natural taxonomy may benefit from both molecular and traditional morphological data. Unfortunately, however, the present set of molecular data is too weak to allow for a meaningful formal analysis of the relative phylogenetic signal of individual morphological characters (i.e. the taxonomic significance of the character), an approach that might otherwise have been of great help to guide future studies based on morphology, as the relative importance of and the best way to code these characters constitute the main obstacle to further advances in that field (Tyler, 2006) .
Hieracium sect. Oreadea is the only section of the genus that was reasonably well recovered in the analysis of the complete dataset of nuclear microsatellites. Ninety-one per cent of the accessions referable to this section turned up in a separate subcluster which to .90 % consisted of members of this section (not shown). This is somewhat surprising in view of that Tyler (2011) , in the most recent revision of the Swedish representatives of this section, concluded that this section is far more diverse and heterogenous than the more species-rich but wellknown H. sects. Bifida, Hieracium and Vulgata. With respect to ploidy level, the section comprises both triploids and tetraploids (Tyler, 2011) and, as was the case for H. sect. Vulgata discussed above, the triploids (except for H. crinellum to be discussed below) were all found to have plastid haplotypes of group V (the subtypes V1 and V5) whereas the three teraploid species examined all have haplotypes of group H. In the analysis of nuclear microsatellites in H. sect. Oreadea (Fig. 5) , accessions of the three tetraploid species H. extensum, H. eulasium and H. lecanodes appear in two separate but neighbouring subclusters in the lower half of the dendrogram.
Hieracium crinellum, which was the only triploid member of this section found to have a haplotype of group H, is the only analysed representative of a morphologically very deviating, though still not well-defined or sufficiently investigated, group of species that Tyler (2011) suggested might better be referred to H. sect. Stelligera. After having studied the type species of that latter section he no longer holds to this suggestion, but H. crinellum remains sufficiently morphologically deviating to be treated as distinct from H. sect. Oreadea. In the analysis of nuclear microsatellites (Fig. 5 ), the four accessions of H. crinellum form a separate subcluster on a relatively long branch at the very top of the dendrogram, indicating its somewhat deviating position within the section.
The tetraploid Hieracium lecanodes is another peculiar and morphologically strongly deviating species (Tyler, 2011) and it has been suggested to have affinities to H. umbellatum or even be a hybrid of that diploid species. However, the result that H. lecanodes (two accessions) has an unique haplotype of group H (haplotype H0, cf. Fig. 1 ) while both most members of H. sect. Oreadea and H. umbellatum have haplotypes of group V does not favour that suggestion.
In general, concerning the species-level taxonomy of the Swedish members of H. sect. Oreadea, Tyler (2011) concluded that the section was made up of a relatively low number of morphologically distinct and narrowly distributed species, as well as two or three highly variable, widely distributed, taxonomically enigmatic and plausibly paraphyletic/ancestral ones. This view is strongly supported by the present analysis of nuclear microsatellites in which two to five accessions of each of H. crinellum, H. lindebergii, H. saxifragum, H. latifrons, H. lecanodes, H. eulasium and H. lythrodes all form separate subclusters, while multiple accessions of the widespread species H. anodon and H. extensiforme form the grade/matrix from which the clusters formed by the more distinct species branch off (Fig. 5) .
Evolutionary processes, hypotheses and prospects for the future Even if the basic background information needed to formulate stringent hypotheses were considered lacking, one of the aims of the present study as formulated in the introduction was to provide clues to the main processes of diversification and evolution among polyploid and apomictic Hieracium species. As discussed above, it is now evident from several independent studies that significant genetic variation resides within individual apomictic species and they will thus be capable of evolving further. In addition, even if further studies are clearly needed to demonstrate this, there exist no data indicating that the morphologically defined species are generally polytopic or random assemblages of superficially similar clones or ramets. In contrast, taxa defined based on morphology appear clearly correlated to patterns of molecular variation, and the variation found within species may possibly be the result of accumulation of mutations alone. However, the fundamental question of how speciation proceeds in this system remains unanswered. Plastid haplotype data appear to indicate that sexual gene flow is rare or absent, at least between members of the different sections, but the large and mainly non-hierarchical pattern of variation revealed by the nuclear markers may be interpreted as indicative of extensive gene flow between species and groups of species (if not simply an artefact of the choice of marker as discussed above). Fehrer et al. (2009) concluded that hybridization appears to have played a very important role in the evolution of the genus in the distant past but was unable to find any traces of ongoing reticulation. This conclusion appears fully concordant with the data of the present study, but is unable to explain how such a huge number of locally endemic species have ended up in recently deglaciated areas and does not explain the evolution of the individual extant species.
In this context, the tetraploid members of H. sects. Vulgata and Oreadea are of particular interest. It has previously been suggested, based on morphology, that these tetraploids may have evolved from sexual crosses between triploid members of these sections and H. sect. Hieracium (Tyler and Jönsson, 2009 ) and the present finding that all but one of these tetraploid and morphologically intermediate species have plastids characteristic of the latter section further strengthens the idea of a hybrid origin, with members of H. sect. Hieracium acting as the seed parent. Most of these species also cluster together in the analysis of nuclear markers, indicating some sort of common ancestry or relatedness. The latter may be taken as an indication that they are all descendants of the same hybridization event, or at least have evolved from crosses between the same pair of taxa, but the fact that they contain different plastid haplotypes does not favour that hypothesis. Nevertheless, understanding the evolution of these tetraploids may present the key to a better understanding of speciation and evolutionary processes in this system and should thus be the focus of future studies.
However, the presently available molecular markers may not appear sufficient tools to gain a better understanding of these processes. The variation in the psbD-trnT sequence, and that in the ETS and EPS sequences applied by Chrtek et al. (2009) and Fehrer et al. (2009) , is apparently too limited to resolve the relationships of the species beyond the basic split of the genus into two major groups that now appears well established. This is in spite of the fact that these sequences have been selected as the ones showing most variation among a relatively large set of plastid sequences tested (J. Fehrer, Academy of Sciences of the Czech Republic, pers. comm.; the present study). In contrast, the nuclear microsatellites applied here are clearly too polymorphic and rapidly evolving to be suitable for studies at this taxonomic scale. The fact that even representatives of morphologically and geographically distant sections shared most of the alleles indicates that the mode of evolution of these markers makes them unsuitable for studies at the sectional level and above. Microsatellite markers with longer themes that are less rapidly evolving may be developed, but the resolving power of the present markers may also be better utilized by focusing on groups of taxa believed to be closely related. Such systems may be found on relatively isolated and recently emerged or deglaciated islands. Ideally, both local endemics likely to have evolved in situ and more widespread species that may be hypothesized to be their progenitors should be present in such a system, and the number of species should be appropriately small. If such a system is found and thoroughly investigated, the present molecular markers in combination with morphology may be sufficient to gain a full understanding of how speciation proceeds and how variation is obtained and structured. A better understanding of these processes in Hieracium will be important not only for researchers in this huge plant genus but would also be beneficial for our understanding of evolutionary processes in asexual systems in general and for our understanding of the evolutionary value of sex as such (cf. Bengtsson, 2003) .
